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xtraocular muscles (EOMs) are responsible for the complex voluntary and reflex movements of the eye, which involve a high demand of activity. The EOMs are classified as a separate muscle allotype given their unique structural and functional properties and gene expression profile. 1, 2 Several studies performed on patients and animal models of muscular dystrophy and neuromuscular disorders, such as Duchenne muscular dystrophy, 3, 4 congenital muscular dystrophy with absence of laminin alpha 2 chain, 5 and amyotrophic lateral sclerosis, 6 reveal that the EOMs are selectively spared, in contrast to the limb muscles. However, data on the EOMs in desminopathies are lacking.
Desminopathies are a heterogeneous group of progressive myopathies and cardiomyopathies caused by mutations on desmin (DES) or aB-crystallin (CRYAB) genes and characterized by the presence of desmin protein aggregates and functional and structural alterations of the cytoskeleton network that lead to muscle fiber degeneration. 7 Although the disease phenotype is very heterogeneous and the first symptoms can appear at any time during the patient's lifetime, these are predominantly characterized by distal and proximal skeletal muscular weakness that coexists with cardiac pathology in half of the patients. 7, 8 Desmin is a 53-kilodalton (kDa) intermediate filament (IF) protein encoded by a single-copy gene. 9 Desmin is the most abundant cytoskeletal protein in mature muscle and for many years it was considered ubiquitous in smooth, cardiac, and skeletal muscle. However, recent work from our laboratory demonstrated that a subgroup of fibers from adult and fetal EOMs lack or express only trace amounts of desmin. 10 Notably, desmin is not required for proper muscle fiber development. 11, 12 The main function of desmin is to maintain muscle fiber cytoarchitecture by mediating the link between peripheral myofibrils and sarcolemma, nuclei, and mitochondria. 13 Desmin also links adjacent myofibrils at the Z-disc level and is enriched in myotendinous junctions (MTJs), neuromuscular junctions (NMJs), and costameres. The correct positioning and interaction of these cell compartments and organelles are critical to preserve mechanical and signaling processes taking place in the muscle in response to different stimuli. 14, 15 Desmin performs its role by binding several molecules including other IF proteins and IF linker proteins. Two IF proteins that bind to desmin are synemin and syncoilin. Synemin can directly form heteropolymers with desmin, 16 whereas syncoilin can associate with desmin but without heteropolymer network formation. 17 Both proteins colocalize with desmin at the Z-discs, costameres, and myotendinous and neuromuscular junctions. [17] [18] [19] 20 Nestin and vimentin are two additional IF proteins coexpressed with desmin during skeletal muscle development. In contrast to synemin and syncoilin, nestin and vimentin are downregulated postnatally in healthy skeletal muscle, with vimentin disappearing completely, whereas nestin expression in adult muscle is restricted to NMJs and MTJs 21, 22 and regenerating muscle fibers. 23 We have previously shown that nestin is normally present in some muscle fibers in the adult human EOMs.
In desmin knockout (desmin À/À ) mouse models, important structural modifications including muscle fiber disorganization, fibrosis, subsarcolemmal aggregation of mitochondria, and coexistence of muscle fiber regeneration and degeneration are present, particularly in the highly used muscles, such as the soleus muscle. 11, 24, 25 In particular, the lack of desmin produces alterations in mitochondrial distribution in soleus, gastrocnemius, and cardiac muscles. 24, 26 The correct positioning of mitochondria depends on desmin interaction with plectin, 27 a major cytoskeleton cross-linking protein not included in the IF family. Important changes in desmin-binding protein patterns comprising alterations in synemin and syncoilin have been reported in the soleus muscles from desmin À/À mice. In the absence of desmin, both proteins are lost from the muscle fiber Z-discs, whereas their expression at the subsarcolemma is partly affected. 19, 28 Moreover, in patients with desminopathy, the proteins synemin, 29 syncoilin, 7 and plectin 30 were found to colocalize with desmin aggregates.
In the present study we used a desmin À/À mouse model 11 to investigate the effect of absence of desmin in the structure and composition of the cytoskeleton of the EOMs. The study included the important desmin-binding proteins synemin, syncoilin, plectin, vimentin, and nestin and evaluation of the distribution of mitochondria in the desmin À/À EOMs, since alterations in mitochondrial network have been described in skeletal and cardiac muscle of mice lacking desmin and in patients with desminopathy. 7, 25, 31 
MATERIALS AND METHODS

Muscle Samples
This animal study was conducted in accordance with the European Communities' Council directive (86/609/EEC), complied with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research, and had the approval of the Umeå animal experiment ethics board.
Desmin À/À homozygous mutant mice generated as previously described 11 were used in this study. The genotype of mice was verified by PCR of DNA from the tail with primers Des1 (5 0 -agaaggtgcgcttcttggag-3 0 ), Des2 (5 0 -tcacttggcctt gagcctct-3 0 ), and LacZ430R (5 0 -ggatcgatctcgccatacagcg-3 0 ), which give rise to 213-and 345-bp (base pair) fragments for wild-type (WT) and desmin knockout alleles, respectively. Desmin À/À and age-matched control mice were killed at 1 year of age by cervical dislocation. A total of 25 EOM and 16 skeletal muscle samples comprising both the soleus and the gastrocnemius muscles from 11 desmin À/À mice and 8 control mice were dissected and mounted on cardboard, frozen in propane chilled in liquid nitrogen, and stored at À808C until used.
Consecutive serial cross and longitudinal sections (5-6 lm thick) were cut at À248C with a Reichert Jung cryostat (Leica, Heidelberg, Germany).
Histochemistry
Frozen cross sections were stained with hematoxylin and eosin (H&E). 32 In addition, we used a standard protocol 32 to reveal the mitochondrial marker enzyme succinate dehydrogenase (SDH), and the modified Gomori trichrome staining was carried out as described 32 to demonstrate mitochondrial abnormalities in the EOMs.
Immunofluorescence
All sections used for immunofluorescence were air dried for 15 minutes and fixed in 4% paraformaldehyde (PFA) for 8 minutes, except for the immunodetection of myosin heavy chain (MyHC) isoforms, where no fixation was performed. Thereafter, the sections were washed in PBS and blocked with 10% normal serum (from goat or donkey depending on the host species of the secondary antibody used) in PBS containing 1% Tween, for 15 minutes. Immediately after blocking, sections were incubated overnight (O/N) with the primary antibody (Table) diluted in PBS with 10% normal serum at 48C. After washing with PBS, sections were incubated at 48C for 3 hours with a species-specific secondary antibody conjugated with Alexa Fluor (Jackson ImmunoResearch, West Grove, PA, USA), diluted in PBS with 10% normal serum. Subsequently, the slices were washed in PBS and coverslips were mounted with Vectashield mounting medium (Vector Laboratories, Inc., Burlingame, CA, USA).
For NMJ detection, sections were incubated with alphabungarotoxin Alexa Fluor 594-conjugated (Molecular Probes, Inc., Eugene, OR, USA) for 1 hour at room temperature (RT), washed in PBS, and mounted with Vectashield medium.
Antibodies against different MyHC isoforms were combined with primary antibody against laminin in order to count the number of muscle fibers containing the different MyHC isoforms per total number of muscle fibers in each preparation. For double and triple immunostaining, a cocktail of primary and subsequently secondary antibodies was used. When the combination of primary antibodies was not possible, the sections were processed as described above for the first primary and secondary antibody and the next day, after washing in PBS and an additional blocking with 5% normal serum for 15 minutes, sections were incubated O/N at 48C with the second primary antibody and the protocol continued as usual. Negative controls were processed as above, but the primary antibody was omitted. No immunolabeling was detected in control sections.
Images were taken with a Spot camera (RT KE slider; Diagnostic Instruments, Inc., Sterling Heights, MI, USA) connected to a Nikon microscope (Eclipse, E800; Tokyo, Japan) or with a digital high-speed fluorescence CCD camera (Leica DFC360 FX) connected to a Leica microscope (Leica DM6000B; Leica Microsystems CMC, GmbH, Wetzlar, Germany). Images were processed using Adobe Photoshop software (Adobe Systems, Inc., Mountain View, CA, USA) and Fiji image processor. 33 
Statistical Analysis
The percentage of centrally nucleated fibers (CNFs) was calculated in cross-sectioned EOMs from six desmin À/À mice and five control mice stained with H&E.
Muscle fiber size was determined by measuring the crosssectional area of a total of 5338 muscle fibers, from 11 desmin À/À mice and 8 control mice, immunolabeled against dystrophin and using Qwin software (Leica Microsystems Ltd., Heerbrugg, Switzerland) in orbital and global layers. The area of each muscle fiber was determined and averaged per layer and per animal.
All data are presented as mean values 6 standard error of the mean (SEM). Statistical differences between the two animal groups for centrally CNFs, fiber size, and percentage of muscle fibers containing different MyHC isoforms were assessed by unpaired t-test. P < 0.05 was considered statistically significant.
RESULTS
Morphology
The histologic profile of the control and desmin À/À EOMs, assessed in H&E sections, was characterized by round muscle fibers of variable size with smaller diameter on the orbital layer and larger diameter on the global layer (Figs. 1A, 1B) . Muscle fibers in desmin À/À EOMs showed preserved morphology with no detectable differences when compared to control samples, even at very high magnification. Muscle fiber size was determined in both orbital and global layers and revealed no statistically significant differences when compared to control EOMs, neither in the orbital layer (P ¼ 0.38) nor the global (P ¼ 0.56) layer. Desmin À/À EOMs lacked signs of muscular pathology (Fig. 1B) . In particular, no visible increase in connective tissue or adipose tissue and no signs of inflamma- , and higher variability of muscle fiber size (D). The morphology of the gastrocnemius muscles (F) was more preserved than that of the soleus muscle on desmin À/À samples, but higher variability of muscle fiber size and muscle fibers with central nuclei (arrows) was also present. Scale bars: 40 lm.
tion or atrophy could be seen. The presence of central nuclei in the myofibers of the EOMs was rare and very similar in both the controls and the desmin À/À mice (0.36% 6 0.05 in controls and 0.94% 6 0.41 in desmin À/À , P ¼ 0.23). In contrast, the soleus muscle appeared visibly affected in desmin À/À mice, as previously reported, 24 with an increase of connective tissue, evident fiber size variability, and fibers containing central nuclei (Fig. 1D ) and with signs of fiber splitting (Supplementary Fig. S1A ). When compared to the EOMs, which showed a preserved morphology, and to the soleus muscle that is broadly affected, muscle fibers in the gastrocnemius muscle showed intermediately affected morphology, characterized by apparent larger variation in fiber size, occasional muscle fibers containing central nuclei, and some fiber splitting, but these were less common than in the soleus muscles, as previously described 24 ( Fig. 1F; Supplementary Fig. S1B ) In sections treated to show the activity of the mitochondrial enzyme SDH in control EOMs, a checkerboard staining pattern was present, characterized by a combination of different staining intensities between muscle fibers, indicating different levels of oxidative capacity. At the subcellular level, SDH staining showed a fine to coarse granular appearance ( Fig. 2A) . In desmin À/À EOMs this pattern was conserved inside muscle fibers. However, in addition, subsarcolemmal aggregations with a darker SDH staining (Fig. 2B ) appeared in 57% of the mice analyzed and independently of the EOM layer analyzed. In addition, a Gomori trichrome staining was performed in order to better characterize the mitochondrial distribution inside the muscle fibers at higher magnification. In the orbital layer of desmin À/À and control EOMs, the muscle fibers were small, mostly darkly stained, and displayed abundant mitochondria that could be observed in red, both in the periphery and inside of the muscle fibers (Figs. 3A, 3B ). In the global layer, fiber size and content of mitochondria were more heterogeneous, with the presence of darkly and lightly stained fibers in both desmin À/À and control EOMs (Figs. 3C, 3D) . Notably, desmin
EOMs contained a very small percentage (approximately 3%) of muscle fibers in the global layer, with mitochondrial accumulations present mostly at the periphery of the muscle fibers (Fig. 3D) .
As previously reported, 26 alterations of mitochondrial distribution in desmin À/À mice were seen in the soleus and gastrocnemius muscles, being notably more abundant in the fibers of the soleus muscle (Fig. 2D) . The characteristic checkerboard pattern was lost in the soleus of desmin À/À mice and subsarcolemmal SDH staining accumulations appeared, accompanied by reduced staining in the sarcoplasmic area (Fig.  2D) . The SDH staining pattern of gastrocnemius muscle of desmin À/À mice (Fig. 2F) was predominantly similar to that of the control gastrocnemius muscles. However, approximately 30% to 40% of the muscle fibers located in the deep part of the muscle, an area containing both slow and fast muscle fibers, showed abnormal accumulations of mitochondria, as previously reported. 26 
Distribution of Desmin-Binding Proteins
In cross-sectioned control EOM samples, both synemin and syncoilin (Figs. 4A, 4B) were present beneath the sarcolemma and there was a mild sarcoplasmic immunostaining characterized by either a punctated pattern for syncoilin (Fig. 4B) or a combination of punctated and homogeneous pattern for synemin (Fig. 4A) . Plectin labeling appeared in the subsarcolemmal region and was slightly weaker in the sarcoplasma (Fig.  4C) . For all three proteins, staining patterns were indistinguishable between the global layer and the orbital layer, although different staining intensities were noted among muscle fibers in a given muscle section, independently of muscle layer. In longitudinal sections, synemin, syncoilin, and plectin presented a cross-striated staining pattern corresponding to the fiber Z-discs (Figs. 4D-F) .
In cross-sectioned desmin À/À EOMs (Figs. 4G-I ), no obvious changes in the immunostaining patterns for synemin, syncoilin, or plectin were noted when compared to control EOMs. The heterogeneity in immunostaining patterns for all three proteins between fibers described above for the EOMs of control mice was also noted in the desmin À/À EOMs. Additionally, in longitudinal sections the immunostaining patterns of synemin, syncoilin, and plectin at Z-discs were identical to those observed in the control EOMs (Figs. 4J-L) .
In contrast, desmin À/À soleus muscle showed synemin, syncoilin, and plectin distribution changes (Figs. 5D-F) . For synemin and syncoilin, these changes were characterized by an irregular subsarcolemmal staining and numerous muscle fibers with subsarcolemmal aggregates that occasionally also coexisted with sarcoplasmic aggregates (Figs. 5D, 5E ). Synemin aggregates were more prevalent than syncoilin aggregates (Figs. 5D, 5E ). Plectin immunostaining in desmin À/À soleus muscle was in general weaker than in the controls, and its immunodetection in the subsarcolemma area appeared irregular compared to the control fibers. In addition, subsarcolemmal and, to a lesser extent, sarcoplasmic dense plectin-positive aggregates were present in sporadic muscle fibers of desmin À/À soleus samples (Fig.  5F ). In contrast, the gastrocnemius muscle of desmin À/À mice (Figs. 5G-I) showed a conserved pattern for synemin, syncoilin, and plectin distribution comparable to control gastrocnemius, and no aggregates were observed.
Nestin labeling was absent in the EOMs of both WT and desmin À/À mice (not shown). This finding was in contrast to desmin À/À soleus and gastrocnemius muscles, where moderate labeling compatible with nestin aggregates was seen in a small number of muscle fibers. The aggregates displayed a coarse appearance, and were located either centrally inside the fiber or peripherally beneath the sarcolemma in some fibers (not shown). Vimentin immunodetection was negative in the muscle fibers of the EOMs, soleus, and gastrocnemius muscles of both WT and desmin À/À mice (not shown). The antibody against dystrophin uniformly labeled the subsarcolemma contours of the muscle fibers in both control and desmin À/À EOMs (Fig. 6 ). In contrast, although labeling against dystrophin in desmin À/À soleus and gastrocnemius muscle generally showed a homogeneous subsarcolemmal pattern, some accumulations of dystrophin beneath the sarcolemma of soleus, but not gastrocnemius, muscle were noted in less than 5% of the muscle fibers, together with an increased variability in fiber size and increased space between muscle fibers (Fig. 6D) , in comparison to the control soleus samples (Fig. 6C) .
DISCUSSION
In the present study we show for the first time the effect of lack of desmin on the distribution of important proteins of the cytoskeleton in the EOMs.
For this study we used 1-year-old animals, at the end of the life span of this animal model, in order to take into account the possibility of a delayed effect of the lack of desmin in the morphology of the EOMs. Changes on limb and cardiac muscles have been described in the same animal model at the age of 3 months. 24 Here, we found that muscle fibers from EOMs of 1-year-old desmin À/À mice showed a preserved cytoskeletal structure at the light-microscopic level comparable to that of control EOM samples. These results differ from those on the soleus muscle, where the lack of desmin led to pathological manifestations readily visible, in agreement with previous reports. 11, 24 The structure of the gastrocnemius muscle appeared broadly conserved in desmin À/À mice. However, pathological changes similar to those detected in the soleus muscle and including central nuclei and fiber splitting were also present, but to a milder degree, indicating that the gastrocnemius muscle is not as spared as the EOMs were in the context of lack of desmin. Our findings are in line with previous studies on other diseases such as Duchenne muscular dystrophy or amyotrophic lateral sclerosis, 3, 4, 6 which strongly affect limb muscles, whereas the EOMs appear selectively spared or only mildly affected. In our desmin À/À mouse model, although the EOMs showed a healthy morphology analyzed by H&E and confirmed with dystrophin labeling, the absence of desmin produced abnormalities in the FIGURE 2. Cross sections of EOMs (A, B), soleus (C, D), and gastrocnemius (E, F) muscles from 1-year old control (A, C, E) and desmin À/À (B, D, F) mice were processed to demonstrate SDH activity. In EOMs from desmin À/À mice, SDH staining revealed subsarcolemmal mitochondria accumulation (B, arrows) with a generally stronger SDH staining in some muscle fibers. In soleus muscle of desmin À/À mice the normal checkerboard pattern was altered and accumulation of mitochondria appeared at the subsarcolemma level (D, arrows) whereas SDH staining intensity was reduced inside the muscle fibers. The gastrocnemius muscle conserved the checkerboard pattern for the most part of the muscle with a predominance of mildly stained fast fibers (F). Scale bar: 20 lm. localization of SDH activity in sporadic muscle fibers but similar to those observed in the soleus muscles analyzed and as previously described. 26 We found subsarcolemmal mitochondrial aggregations observed as subsarcolemmal increase in SDH staining in sporadic EOM fibers of approximately half of the animals studied, indicating a disturbed mitochondrial distribution in such muscle fibers. Since desmin is known to interact with mitochondria to provide their correct positioning and, probably, to sustain their function, 13, 34 these results suggest that desmin lacking in the EOMs produces detachment and misalignment of mitochondria, observed as mitochondrial aggregates. Previous studies have identified the protein plectin to be responsible for the link between desmin and mitochondria, specifically the isoform 1b of plectin. 27, 35 We analyzed plectin distribution in longitudinal and cross-sectioned EOM samples with an antibody that binds to all plectin isoforms, and we found no alterations at the sarcolemma or Z-disc level. Furthermore, no plectin aggregates were detected inside the muscle fibers in the EOMs, despite their presence in the soleus muscle at subsarcolemma level, a location that can correlate with the mitochondrial aggregates revealed by SDH staining.
We further studied the effect of lack of desmin on two additional binding partners, synemin and syncoilin. For both proteins, the distribution and labeling intensity in desmin À/À EOMs were indistinguishable from the pattern of control EOMs. In fact, longitudinal sections immunostained for synemin and syncoilin confirmed their presence along the muscle fiber at the Z-discs despite the lack of desmin in the EOMs. These results contrast with those obtained in the soleus muscle, where synemin and syncoilin subsarcolemmal aggregates were detected, indicating inappropriate protein localization, and were in line with results from gastrocnemius muscle, where no desmin-binding protein aggregates were found. Similarly, previous studies performed on limb muscle of mice lacking desmin also show alterations in synemin 19 and syncoilin, 28 mainly affecting Z-disc location of these proteins and to a lower degree also in the subsarcolemmal area. It seems therefore that desmin is partly necessary for the correct spatial positioning of synemin and syncoilin in skeletal muscle, specifically in the soleus muscle, but not in the EOMs, where synemin and syncoilin maintained their location at the Z-discs and subsarcolemma in spite of the lack of desmin. One possible explanation for these findings would be upregulation of one or more proteins binding to synemin and/or syncoilin that can compensate for the lack of desmin. Recent work from our laboratory demonstrated that nestin expression in adult human EOMs is not restricted to NMJ and MTJ, as it occurs in limb muscle, 21 but that it is present in a high proportion of normal muscle fibers. 10 However, here we could not detect nestin in the EOMs of control or desmin À/À mice, indicating differences between species and that nestin does not substitute for the lack of desmin. The latter is in line with findings in the limb muscles of desmin À/À mice, where the lack of desmin is not compensated for by nestin. 10 Previous data from studies on desmin À/À mice have shown that highly active muscles, such as the soleus, the tongue, and the diaphragm muscles, are the most affected, whereas the morphology of gastrocnemius muscle is substantially preserved. 24, 26 Here we demonstrated that the EOMs, in spite of being very highly active muscles, remain morphologically rather unaffected despite the lack of desmin. The soleus muscle, used in the present study as a positive control of the effects of lack of desmin, contains almost exclusively slow muscle fibers in contrast to the gastrocnemius muscle, which mainly contains fast fibers, similar to the EOMs. Curiously, and in agreement with previous studies, 26 some of the main pathological findings in the gastrocnemius muscle found in our study, such as mitochondrial alterations, seem to preferably occur in the deep portion of the muscle where both fast and slow muscle fibers are present, rather than in those areas entirely composed of fast muscle fibers. Moreover, our study showed that EOMs from desmin À/À mice showed a tendency (P ¼ 0.06) to increase the amount of slow fibers in the midbelly region, whereas the total amount of muscle fibers containing MyHCIIa and MyHCIIb was very similar to that of the controls. There were no signs of ongoing degeneration and regeneration in the EOMs from desmin À/À mice; hence we do not attribute these changes in myosin content to degeneration and regeneration. The contrary has been observed in soleus and diaphragm muscles from desmin À/À mice, 24 where degeneration and regeneration processes take place, and decreases in fast fiber content were accompanied by a mild increase in the number of slow muscle fibers, even in younger mice. 24 Data collected in this study indicate the unique capacity of the EOMs to maintain their cytoarchitecture with adequate localization of the important desmin-binding proteins plectin, synemin, and syncoilin when desmin is completely lacking, in contrast to soleus and gastrocnemius muscles, which appear affected to different degrees. Since we identified some mitochondrial alterations in the EOMs, we suggest that the EOMs have a superior capacity to adapt, but do not completely prevent the effect of lack of desmin. These findings need to be further investigated with complementary high-resolution techniques, such as electron microscopy, in order to more fully characterize the mitochondrial alterations. Furthermore, functional studies to measure mitochondrial respiratory capacity of the EOMs lacking desmin would also be helpful in order to elucidate the consequences of the changes on mitochondria content and localization. Although the EOMs contain a high amount of mitochondria compared to the limb muscles, a lower respiratory capacity has been described in the EOMs. 36 This has been related to a lower content or activity of some mitochondrial electron transport complexes along with a higher content of other complexes, suggesting that the disparity between mitochondrial activity and complex content is likely due to the expression of specific isoforms of electron chain complexes on the EOMs. 36 In conclusion, the EOMs appeared rather spared in desmin À/À mice, and there was no evidence that the lack of desmin is compensated for by nestin or vimentin or leads to changes in the patterns of distribution of the desmin-binding proteins synemin, syncoilin, or plectin. Further studies are needed in order to elucidate the adaptive mechanisms involved.
